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Introduction 


Fullerenes are composed of carbon atoms arranged in approximately spherical or 
ellipsoidal cages resembling the geodesic domes designed by Buckminster Fuller, after 
whom the molecules were named 1 . The approximately spherical fullerene, which 
resembles a soccer ball and contains sixty carbon atoms (C^), is called 
buckminsterfullerene. The fullerene containing seventy carbon atoms (Qo) is 
approximately ellipsoidal, similar to a rugby ball. Fullerenes were first detected in 1985, 
in carbon vapor produced by laser evaporation of graphite 1 . The closed shell structure, 
which has no edge atoms vulnerable to reaction, was proposed to explain the observed 
high stability of certain carbon clusters relative to that of others at high temperatures 
and in the presence of an oxidizing gas. 

The proposed structure remained unconfirmed until 1990, when samples large 
enough for spectroscopy were produced by vaporization of graphite rods with resistive 
heating under inert atmosphere 2 . This method was quickly adopted in several research 
groups 3-5 and in small new companies. Fullerene samples soon became available, and 
the pace of research accelerated to an intense level. The interest rapidly expanded to 
include a still growing list of molecular and crystalline properties of fullerenes, as well 
as fullerenes with metals and other elements inside the cages, and fullerenes with 
hydrogen, oxygen, methyl, methylene, phenyl, or other functional groups or cross-links. 

The suggested potential applications for fullerenes include superconductors, 
lubricants, catalysts, high energy fuels, polymers and biomaterials. The chemistry of 
fullerenes formation is being studied to provide a basis for the design and operation of 
fullerene synthesis reactors, and for the identification of new fullerene types and 
derivatives. 

The possibility that fullerenes may be formed in sooting flames was 
suggested 6-9 early in fullerenes research. Zang et al. 6 considered the possible role of 
carbon shell structures in the formation and morphology of soot. Kroto and McKay 7 
described a carbon nucleation scheme involving quasi-icosahedral spiral shell carbon 
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particles, and suggested it may apply to soot. Curl and Smalley 8 suggested that carbon 
nets in the form of spiral structures may be important to soot formation in flames. 
Recent reviews of these concepts are given by Kroto et al. 10-12 

All-carbon ions having charge/mass rat os similar to those reported for 
fullerenes in graphite vaporization were observed by Homann et al. 13-15 using on-line 
molecular beam/ mass spectrometric probing of low-pressure premixed benzene-oxygen 
and acetylene-oxygen flames. Iijima 16 published an electron micrograph of a soot particle 
in which a circular feature was interpreted to be evidence of a fullerene. Malhotra and 
Ross 17 using field ionization mass spectrometry studied several soots from pyrolysis and 
combustion processes but found no peaks corresponding to fullerenes. 

The presence of and C 70 fullerenes in substantial quantities was reported from 
spectroscopic analysis of samples collected from low-pressure premixed benzene-oxygen 
flames at MIT 18 ' 19 The presence and group behavior of high molecular weight 
compounds having molecular-weights up to about 1000 g/mole in benzene-oxygen 
flames had been studied earlier at MIT using molecular-beam sampling with on-line 
mass spectrometry 20-21 as well as probe collection of condensible material including soot 
with subsequent analysis by solvent extraction and other methods 2- . Intriguing but 
inconclusive evidence of the presence of fullerenes had been seen from both on-line mass 
spectra 21-23 and exploratory fast atom bombardment mass spectra of collected samples 23 . 
The presence of fullerenes in these flames was finally established 18-19 , soon after the 
discovery 2 and early implementation 3-5 of the graphite vaporization process for 
producing macroscopic quantities of fullerenes. The same solvent extraction and 
spectroscopic techniques employed in the graphite vaporization studies were applied 
successfully in the study of the flame samples. 

The knowledge of fullerenes formation in flames has grown significantly during 
the short time since this process was first established. The effects of combustion 
conditions on the distribution and yields of C 60 and C 70 fullerenes have been studied and 
the amount of fullerenes formed at different distances or times through the reaction zone 
of selected flames has been measured. Flame synthesis is found to offer not only an 
alternative method for large scale fullerenes production, but an ability to control the 
distribution of products (e.g., the C^/Qo ratio) over a larger range than previously 
realized. Also, a range of fullerenes including metastable isomers can be produced in 
flames 24 . Plausible mechanisms of fullerenes formation in flames have been proposed 
and subjected to preliminary kinetics testing against data 25 . These advances are 
summarized below. 

Current Knowledge 

Fullerenes can be synthesized in substantial quantities in flames. Most of the 
research on fullerenes formation in flames has been performed with subatmospheric 
pressure, laminar, premixed flames of benzene and oxygen, with or without an inert 


74 


3 i 



diluent gas, but acetylene has also been used successfully. The following conclusions 
about yields and products refer to the use of benzene fuel. 

The largest yields of fullerenes are produced in sooting flames, but not under the 
most heavily sooting conditions. The largest conversion of carbon to soot is about 12% 
in fullerene forming flames, but the largest yields and production rates of fullerenes are 
observed when about 2-3% of the carbon is converted to soot. Small yields of fullerenes 
are formed in nonsooting flames near the critical conditions for impending soot 
formation. 

The largest yield of C^+Cyo as a percentage of soot is 20%, observed at a pressure 
of 37.5 torr, a C/O atomic ratio of 0.959 and 25% helium. The largest C^+Qo yield on 
a basis of percentage of carbon fed is about 0.5%, and the largest C^+Q,, production rate 
(g/hr) was observed at a pressure of 69 torr, a C/O ratio of 0.989 and 25% helium. 

The Qq/Qo molar ratios observed under different flame conditions are in the 
range 0.26-8.8, compared to 0.02-0.18 for the graphite vaporization method. The ratio 
is typically 1.5 to 1.8 for the flame conditions of largest C^+C^ production rates and 
yields. The largest values of this ratio are observed under conditions where the fullerene 
yields and production rates are relatively low. 

The ability to promote the yield of certain products by adjustment of flame 
conditions apparently extends to larger fullerenes, based on exploratory work with 
solvents suitable for large fullerenes. 

Isomers of fullerene C 60 are produced in varying amounts in flames under 
different conditions. Although the isomers 7 structures are not yet known in detail, they 
necessarily must include abutting five-membered rings, which have previously been 
assumed to be avoided because of their high strain energy. Many of the isomers are 
thermally metastable, the Qo isomers having a half-life of 1 hr in toluene at 111°C. 

Flame derived fullerenes also include isomers of C 70/ ^- 60 ^/ CtqO, C 76 , Cg 4 , C* and 
G*, and many hydrogen-containing complexes such as C^Hj, QoH,, C 70 H 2 , [C^fCHjXH,)] 
or [QofHXCl^)], and others. 

Fullerenes in flames are formed in the presence of hydrogen and oxygen as well 
as carbon. The formation of fullerenes is the net result of formation and destruction 
reactions, and the fullerenes concentration profile exhibits a peak at lower C/O ratios 
but become monotonically increasing with distance from the burner as the C/O ratio is 
increased. The formation of fullerenes in sooting flames occurs several milliseconds later 
than soot formation. 

Fullerenes formation in flames is a molecular weight growth process analogous 
to the formation of PAH and soot but involving curved and hence strained structures. 
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A detailed mechanism of the formation of and C 70 fullerenes in fla me s has been 
constructed based on the types of reactions already used in describing PAH and soot 
growth, but including intramolecular rearrangements and other reactions needed to 
describe the evolution of the unique structural features of the fullerenes. 

Potential for Microgravitv Research 

Potential topics for microgravity research include fullerenes formation in both 
diffusion premixed and laminar premixed flames. In the case of diffusion flames, 
experiments under microgravity conditions would complement measurements at 1 g in 
determining the effect of laminar flame structure on the extent of production of the well 
known Qo and C 70 fullerenes, and on the formation of novel fullerenes. In addition, the 
measurements would permit preliminary projections of the prospects for fullerenes 
synthesis in turbulent diffusion flames. Measurements in premixed flames under 
microgravity conditions would allow the extent of C^, and C 7 q formation and the 
\ formation of nove l fullerenes to be studi ed under conditions where the behavior is 

; already well known except for the effect of gravity. 
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COMMENTS 


Question (G.M. Faeth, University of Michigan: You mostly discussed Fullerencs formation in premixed 
flames. Have there been corresponding studies in nonpremixed flames? 

Answer : I know of no published studies of Fullerencs formation in diffusion flames. Such studies would be 
of much interest, given the contrasts between the diffusion and premixed flame structures. 
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